
Physica C 415 (2004) 125–132

www.elsevier.com/locate/physc
A new technique for the growth of epitaxial YBCO
using spray pyrolysis

Vyacheslav F. Solovyov a,*, Harold J. Wiesmann a, Li-Jun Wu a,
Masaki Suenaga a, Kartik Venkataraman b, Victor A. Maroni b

a Department of Materials Science, Brookhaven National Laboratory, 76 Cornell Avenue, Upton, NY 11973, USA
b Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439, USA

Received 21 June 2004; received in revised form 23 July 2004; accepted 16 August 2004
Abstract

A new technique for the growth of epitaxial c-axis oriented YBa2Cu3O7 using spray pyrolysis at atmospheric pres-

sure is described. The technique consists of three steps: the deposition of an oxide precursor by spray pyrolysis of a

nitrate solution, fluorination of the oxide precursor in an atmosphere containing a fluorinated gas, and finally, growth

of YBa2Cu3O7 by the conventional ex situ process. The microstructure of both the oxide and fluorinated precursor is

described along with data on the rate of fluorination. We have routinely achieved critical currents of 0.5MA/cm2 for

1lm thick films at 77K in self-field.
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The preparation of YBa2Cu3O7 using the so-

called ex situ barium fluoride process [1,2] allows

reproducible growth of epitaxial c-axis oriented
YBa2Cu3O7 (YBCO) layers at temperatures below

800 �C. This approach has been extensively studied
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for application in YBCO coated conductor devel-

opment [3,4]. The process requires a fluorinated

precursor deposited on an oriented substrate.

The precursor usually consists of an intimate stoi-

chiometric mixture of BaF2, Cu, Y, where Cu and
Y may be in form of oxides or fluorides or a com-

bination thereof. There are two mainstream tech-

niques for depositing such a precursor, vacuum

deposition [5] and coating a substrate with a

trifluoroacetate (TFA) metalo-organic solution

[6,7]. Though quite different in detail, both
ed.
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Fig. 1. Spray pyrolysis apparatus used to fabricate oxide

precursor films.
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techniques produce a fluorinated precursor, where

Ba and Y are present as an oxy-fluoride or fluo-

rides and Cu is in the form of CuO. These BaF2
processes are of great interest for the fabrica-

tion of so-called YBCO coated conductors for
electric power devices and high magnetic field

applications.

During ex situ processing, the YBCO growth

initiates at the substrate. As the growth proceeds

the epitaxial YBCO–precursor interface uniformly

advances towards the film surface. Epitaxy can be

achieved in thick (>1lm) YBCO films at low tem-
peratures from vacuum deposited precursors [5,8].
This is believed to occur via the presence of a liq-

uid phase containing Y, Ba, Cu and oxygen at the

epitaxial YBCO–precursor interface, which dra-

matically enhances the mobility of the precursor

atoms [9,10].

We propose an alternative method of prepar-

ing the fluorinated YBCO precursor, which

may be more economical than the two main-
stream ex situ routes described above. In this

process, an aqueous yttrium, barium, copper ni-

trate salt solution is prepared. Then the salt solu-

tion is used to deposit a un-fluorinated oxide

precursor film on a substrate by an appropriate

technique, such as spray pyrolysis. Inorganic

salts carry no extraneous hydrocarbon groups

and we have found it easier to prepare dense
and crack-free thick precursor films than is the

case using organic salts, such as TFA. Next,

the YBCO film is fluorinated by heat-treatment

in an atmosphere containing a fluoride bearing

gas. Finally, an epitaxial YBa2Cu3O7 film is

grown from the fluorinated precursor using a

standard ex situ heat-treatment protocol. In this

article we report on the details of this process
as well as on the structural and superconducting

properties of the resulting films.
2. Description of the spray-fluorination technique

A thermal spray pyrolysis technique, similar to

that described in [11], was employed. Fig. 1 is a
photograph of the spray pyrolysis apparatus used

in this work. A fine mist of a Y–Ba–Cu nitrate salt

solution in water was produced by ultrasonic exci-
tation. The ultrasonic power source was an Ultra-

neb 2000 nebulizer operating at 2MHz. Exposing

the nebulizer directly to the Y–Ba–Cu nitrate salt
solution resulted in the failure of the ultrasonic

crystal. To remedy this the Y–Ba–Cu nitrate salt

solution was contained in a custom built plastic

vessel. The bottom of the vessel consisted of a

10lm thick Mylar film and the vessel was mounted
directly above the Ultraneb ultrasonic crystal. The

vessel was coupled to the nebulizer using distilled

water and the 10lm thick Mylar film allowed the
ultrasonic waves to propagate into the vessel pro-

ducing a fine mist. The mist produced by the ultra-

sound was directed out of the vessel using a carrier

gas. The gas used in the experiments described in

this paper was air at a flow of about 10 l/min. A

nozzle made of 18mm pyrex tube directed the mist

towards a heated substrate as shown in the photo-

graph of Fig. 1. The substrate, a 3 · 10mm2

SrTiO3 single crystal, was attached to a metal

block using silver paste. During spraying, the

block was heated to a temperature of about

630 �C. As the impinging mist decomposed on
the substrate a dense precursor oxide film formed

on the surface of the substrate.
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Fig. 2. h–2h XRD spectra of the oxide precursor at various

stages of fluorination. The as-deposited sprayed precursor is

shown in the panel D. The spectrum labeled �Fluorination for
85min� corresponds to a completely fluorinated film. The films
were fluorinated at 600 �C.
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The salt solution consisted of a mixture of Cu,

Ba and Y nitrates in the composition ratio of

Y:Ba:Cu = 1.0:2.0:0.5. The salts were dissolved in

distilled water at a concentration of 0.01M. The

solution was purposely made off-stoichiometric
as compared to the YBCO 1:2:3 stoichiometry in

order to compensate for the different deposition

rates of the constituent nitrates [12]. It is believed

that the copper nitrate has a lower decomposition

temperature and/or greater sticking coefficient,

compared to the yttrium and barium nitrates, so

the copper concentration was reduced accordingly.

The Y:Ba:Cu stoichiometry of the sprayed precur-
sor films was within 5% of the ideal 1:2:3 YBCO

stoichiometry as determined by inductively cou-

pled plasma (ICP) spectroscopy for films 1lm
thick. The vapor density during spraying was mon-

itored using an infrared detection system. A depo-

sition time of about 1h and 20ml of the solution

were needed to deposit a 1lm thick oxide precur-
sor film.
The next step of our process is conversion of the

as-deposited oxide precursor into a fluorinated

oxide precursor. The oxide precursor is annealed

in an atmosphere containing a fluorinated gas.

The principle reaction involved is the transforma-

tion of BaO into fluorinated form. We have found

that 1,1,1,2 tetrafluoroethane (CH2FCF3), a refrig-

erant (R-134a) used in modern automotive air-
conditioning systems, serves perfectly as a source

of fluorine. The precursor films were fluorinated

in a tubular furnace in a partial vacuum in an

atmosphere of 4Torr of CH2FCF3 and 200milli-

Torr of oxygen, at a temperature of 600 �C. We
speculate that partial decomposition of the R-

134a occurred at 600 �C releasing HF that we be-
lieve to be the fluorinating agent. Unfortunately,
neither the degree of decomposition of the R-

134a nor the partial pressure of HF could be deter-

mined. Analysis of the processing atmosphere by

means of mass spectrometry did not revealed any

presence of HF, nor was any substantial change

in the mass spectrum of the processing atmosphere

observed as the temperature of the furnace was

raised from room temperature to 600 �C. This
would indicate that the HF partial pressure was

below 0.1milliTorr, which was the detection limit

of our gas sampling system. Two possibilities for
this are: (i) neutralization of HF takes place en

route to the spectrometer head, on metal vacuum

tubing or the throttle valve, or (ii) the primary

mechanism of HF release is catalytic decomposi-

tion of R-134a at the surface of the precursor,
rather than bulk gas phase thermal decomposition.

In the latter case, due to the small area of the film,

there would be no substantial HF concentration in

the processing atmosphere.

It was also discovered that the oxide films could

be fluorinated by mixing some R-134a into the car-

rier gas that was used to transport the mist to the

heated substrate. The results for only a single
YBCO film fluorinated in this manner are pre-

sented in this paper, namely in Fig. 7, panel C.

The final step, after fluorination of the precur-

sor oxide film, was conversion to epitaxial YBCO

by partial vacuum ex situ heat treatment as de-

scribed in [8]. The nominal atmosphere we em-

ployed was 40Torr water vapor partial pressure,

100milliTorr oxygen partial pressure, and a
735 �C processing temperature. The epitaxial film
growth rate was �0.2nm/s.
3. Rate of fluorination reaction

To determine the rate of the fluorination proc-

ess, several samples were quenched after a specified
fluorination time had lapsed. Shown in Fig. 2 are
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Fig. 3. h–2h XRD spectra showing the transformation of the
OF1 oxy-fluoride phase to OF2 oxy-fluoride phase. The films

were fluorinated at 600�C.

0 100 200 300 400
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Fluorination at 600 oC 
under 4 Torr partial pressure of R 134A.

 3 µm OF1
 1 µm OF1
 3 µm OF2
 1 µm OF2

OF1

OF2

1 µm

3 µm

1 µm

3 µm

Fluorination time (min)

N
or

m
al

iz
ed

 in
te

ns
ity

 o
f (

11
1)

 re
fle

ct
io

n

Fig. 4. Normalized intensity of (111) h–2h peak of the oxy-
fluoride phases OF1 and OF2 in 1 and 3lm thick films as a

function of fluorination time.

128 V.F. Solovyov et al. / Physica C 415 (2004) 125–132
the h–2h X-ray diffraction patterns of four samples
1lm thick, three of which were fluorinated at

600 �C. The bottom spectrum, panel D, is that of
an unfluorinated oxide precursor and the top pat-

tern, panel A, is that of a completely fluorinated
film. According to the XRD pattern, the as-depos-

ited oxide precursor is a cubic modification of BaO

[(111) reflection at 2h = 27.7�] and CuO [(111)

reflection at 2h = 36.1�]. Yttrium oxide could not
be detected by X-ray diffraction and is believed

to be present in amorphous form. As shown in

Fig. 2, during fluorination the BaO(111) peak at

27.7� decreases in intensity and is replaced by a cu-
bic BaF2-like oxy-fluoride, denoted OF1, with the

strongest (111) reflection at 2h = 25.1�. Note that
it requires about 40min to fluorinate a 1lm thick
film under these conditions. The fluorination rate

was observed to increase by factor of 5 at a fluor-

ination temperature 650 �C.
The oxy-fluoride phase is structurally similar to

BaF2 [9], i.e., it is cubic, with a lattice parameter
d = 0.61nm, somewhat smaller than that of BaF2
for which d = 0.62nm. The OF1 phase has a more

compact unit cell because yttrium ions partially

substitute for larger barium ions. This substitution

is compensated by substitution of fluorine ions by

oxygen ions and the resulting lattice parameter is

almost identical to that of BaF2. The OF1 phase

was found to be identical to the oxy-fluoride phase
found in precursor films made by vacuum co-evap-

oration of Y, Cu and BaF2 [9].

Longer fluorination times resulted in the forma-

tion of another cubic oxy-fluoride phase, referred

to as OF2, which has a smaller lattice parameter

than OF1. Fig. 3 shows the XRD transformation

of the OF1 phase, starting in panel D, to the

OF2 phase, ending in panel A, for four films fluor-
inated for different times. The films were fluori-

nated at 600 �C in 4Torr partial pressure of

CH2FCF3 and 200Torr partial pressure of oxygen.

The OF2 phase is structurally similar to the OF1

phase but has a lattice parameter d = 0.59nm.

We assume that in the OF2 phase more oxygen

sites are occupied by fluorine resulting in unit cell

compression. The OF2 phase is stable at room

temperature, however it releases fluorine and

transforms back to the OF1 phase upon annealing

in a fluorine-free oxidizing atmosphere. Due to this
effect, YBCO growth always starts from the OF1
phase. We did not observe OF2-YBCO conversion
because by the time the sample is heated to over
700 �C the OF2 phase is completely oxidized to
the OF1 phase.
The normalized intensities of the (111) peaks of

the OF1 and OF2 phases (2h � 25�) were meas-
ured as a function of fluorination time. The nor-

malized intensities for 1 and 3lm thick films

fluorinated at 600 �C at a partial pressure of 4Torr
of CH2FCF3 and 200milliTorr oxygen is plotted in

Fig. 4. The main conclusion is that for OF1 phase

reaction time depends on the film thickness, which
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implies that the fluorination rate is, to some extent,

limited by diffusion of the CH2FCF3 gas or some

other species, through the precursor solid. It seems

that formation of the OF2 phase is less limited by

solid state diffusion since there is little difference in
reaction times for 1 and 3lm thick films.
On a microscopic level, the un-fluorinated

sprayed precursor appears as a mixture of nano-

sized grains of BaO and CuO � 10nm in size as

shown in the top panel of Fig. 5. Yttrium was

not detected in the TEM diffraction pattern and

is believed to be present in an amorphous form.

The bottom TEM panel of Fig. 5 shows a film
fluorinated at 600 �C for 30min. In addition to

the chemical transformation of Ba and Y into

the OF1 phase, the film morphology also under-

goes changes. Both films were 1lm thick with a

deposition time of �1h. Since the fluorination
temperature was the same as the deposition tem-

perature but for a shorter time, it is believed that

the grain coarsening is due to the fluorination
Fig. 5. TEM planar view microphotographs of an as-deposited

un-fluorinated sprayed precursor, top panel, and a fluorinated

sprayed precursor, bottom panel. The film in the bottom panel

was fluorinated at 600�C.
where the average grain size increases to 50nm in

the fluorinated sample as compared to a 10nm

grain size in the un-fluorinated sprayed precursor.
4. Growth and properties of YBCO from the

fluorinated precursor

Using this spray pyrolysis technique, we have

fabricated completely c-axis oriented YBCO films

on SrTiO3 and CeO2 buffered LaAlO3 substrates.

Measuring in situ electrical conductivity of films

during the heat treatment it was found that the
kinetics of YBCO growth is the same as for vac-

uum-deposited precursor films [8]. This means that

the HF-H2O equilibrium constant is the same for

both types of precursor. The degree of fluorination

turned out to be important for the YBCO film

quality. If a sample was not completely fluori-

nated, as evidenced by a BaO peak still being pre-

sent in the XRD pattern, the resulting YBCO film
had a large amount of random grains. We suggest

that the BaO grains serve as sites for nucleation of

randomly oriented YBCO.

The superconducting transition temperature for

samples fabricated under optimal conditions was

91K, zero DC resistivity (at a field criterion of

0.1lV/cm). Unfortunately, the best superconduct-
ing critical currents for these samples were about
one-half of that for vacuum-deposited films, i.e.,

0.8MA/cm2 at 77K and self-field for the best

1lm thick sample. More typical Jc values were in
0.5MA/cm2 range. Such poor performance of

these films was quite a surprise for us since the

X-ray diffraction patterns appeared excellent with

no sign of randomly oriented or a-oriented grains.

To understand the difference between YBCO
films that were synthesized from sprayed and vac-

uum deposited precursors, we undertook a com-

parative study. In what follows, data on the

properties of these YBCO films are compared.

The fluorinated films were all 1lm thick and were
converted to epitaxial YBCO under identical con-

ditions, 735 �C, 50Torr water partial pressure and
100milliTorr oxygen partial pressure.
(A) Spray-deposited epitaxial YBCO films tend

to a have normal state resistance higher than is

typical for good quality epitaxial YBCO films
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deposited by vacuum deposition. Spray deposited

films are in the range of 300–350lXcm at 300K,
compared with 250–280lXcm for a good quality
c-axis oriented vacuum deposited film. This added

resistivity elevates the whole R(T) curve. For a film
with a high critical current density, the extrapo-

lated R(T) curve is expected to have the value,

R = 0 at T = 0. This is not the case for the spray

deposited films presented here. If the ratio

R(300)/R(100) is used as a measure of the chemi-

cal or structural uniformity of the films, a uniform

film should have a ratio of 3 or greater. For the

best spray deposited films this ratio is below 2.8.
(B) Fig. 6 compares dc magnetization curves for

vacuum deposited and sprayed samples. Magneti-

zation measurement was done using a SQUID

magnetometer in the zero-field cooled regime at

2Oe dc magnetizing field. The broader magnetic

transition in the temperature range of 30–80K of

the sprayed film indicates the presence of non-uni-

form superconducting regions.
(C) To search for compositional non-uniformity

in the spray deposited films, a series of Raman

spectra were taken at different points on the sur-

face of the spray deposited film using a 6lm dia-
meter laser spot size as discussed in [13]. The

Raman measurements revealed that some areas

of this film contain Ba-rich domains. The YBCO
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Fig. 6. Temperature dependence of the DC magnetization of

epitaxial YBCO films fabricated from by vacuum deposition

and spray pyrolysis. The applied magnetic field is perpendicular

to the film surface.
in close proximity to these Ba-rich phases exhibits

a high degree of cation disorder. In contrast, the

spectrum of YBCO films formed from vacuum-

deposited precursors contained only epitaxial

YBCO lines, consistent with a single homogeneous
YBCO phase.

Summarizing the above data, we conclude that

spray-coated films have compositional inhomoge-

neity resulting in compositionally non-uniform

YBCO films. This compositional inhomogeneity

is presumed to be related to the details of the for-

mation of the solid from the vapor. Using optical

microscopy it was determined that droplets of
the nitrate solution impinge upon the hot sub-

strate, evaporate and leave behind a solid residue

in the form of a pancake or ‘‘splat’’. We speculate

that temperature gradients in the ‘‘splat’’ may lead

composition inhomogeneity where the composi-

tion of the dried ‘‘splat’’ is nonuniform due prima-

rily to the difference in the sticking coefficients of

constituent nitrates. As noted previously, the over-
all film composition was determined by ICP,

implying that the average composition of the

‘‘splats’’ was stoichiometric.

Another possible reason for the inferior per-

formance of spray-deposited films is the texture

of the oxy-fluoride. Precursors deposited by vac-

uum deposition and TFA and heat treated prior

to formation of YBCO, exhibit strong (111) tex-
ture of the oxy-fluoride. That is, the oxy-fluoride

is predominantly oriented so that the (111) plane

is parallel to the plane of the substrate. A typical

h–2h X-ray diffraction pattern of a vacuum depos-
ited precursor heat treated at 600 �C is shown in
panel A of Fig. 7. A very sharp (111) texture is

in evidence in addition to a much weaker 002

reflection. X-ray diffraction patterns for two spray
deposited precursors, fluorinated at 650 �C, are
shown for comparison in panels B and C of Fig.

7, respectively. The spray deposited oxide precur-

sor fluorinated at 650 �C in the normal manner
(after deposition), panel B, has a stronger (00 l)

texture as indicated by the pronounced (002) peak

of the oxy-fluoride. The spray deposited oxide pre-

cursor fluorinated during deposition at 650 �C, pa-
nel C, has an even more dominant cubic (00 l)

texture. Please note that this film was fluorinated

by addition of small amount of R-134a to the



24 26 28 30 32 34 36 38 40

C)

Vacuum-deposited
Y-BaF2 -Cu precursor

2θ angle (deg.)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

B)Spray-deposited precursor

650 oC ex-situ fluorination

(002) OF

(111) OF
A)

Spray-deposited precursor

650 oC in-situ fluorination

Fig. 7. Comparison of the h–2h XRD spectra of three films; a
vacuum deposited YBCO oxide precursor film heat treated at

600�C, panel A; a spray deposited precursor film fluorinated

after deposition (ex situ) at 650�C, panel B; and a spray
deposited precursor film fluorinated during deposition (in situ)

at 650�C, panel C.

V.F. Solovyov et al. / Physica C 415 (2004) 125–132 131
carrier gas during spraying of the aqueous nitrate
solution.

A fluorinated precursor, prepared by vacuum

deposition or TFA, with texture of the type shown

in Fig. 7, panel A, can have a Jc well over 1MA/

cm2. A film with the texture shown in panel B typ-

ically yields a Jc in the range 0.5–0.8MA/cm
2. Fi-

nally, for films with the texture, as shown in

panel C, Jc�s exceeding 10
5A/cm2 could not be

achieved. Transmission electron microscopy data

obtained by us earlier also indicate, indirectly, that

(111) texture may be crucial for c-axis nucleation

[9,14]. This would suggest that films with a strong

(111) texture are necessary to achieve high Jc
YBCO films.

A direct test of this hypothesis requires the fab-

rication of spray coated precursor samples with a
strong (111) oxy-fluoride texture. We estimate

that this can be achieved by low-temperature fluor-

ination of the oxide precursor in the 400–500 �C
range. Unfortunately, it was not possible to test

this hypothesis with our existing apparatus. The

fluorination rate becomes negligible at tempera-

tures below 550 �C, which is believed to be due
to the low rate of CH2FCF3 decomposition.
Finally it should be noted that the (111) oxy-

fluoride peak of the spray deposited films in panels
B and C is shifted to higher angles as compared to

the (111) oxy-fluoride peak of the vacuum depos-

ited heat treated film of panel A. This is believed to

be due to a difference in the oxy-fluoride composi-

tions but its importance to achieving a high Jc is
not presently known.
5. Conclusion

In conclusion we have presented a new tech-

nique using spray pyrolysis and gaseous fluorina-

tion for the fabrication of epitaxial YBCO films.
This technique offers the potential of inexpensive

scale-up for the production of coated YBCO con-

ductors and thick YBCO films with relatively high

critical currents. The fluorination of oxide films

using a fluorine bearing gas can be applied and/

or combined with many existing coating tech-

niques for the production of thick c-axis oriented

YBCO layers. The main difficulty with the process
is believed to be either (i) the spatial variation of

the film composition, which results in weak-link

behavior, or (ii) the absence of a dominant (111)

oxy-fluoride texture. More advanced spray coating

technologies, utilizing a smaller droplet size may

solve this problem.
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